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Abstract
This paper presents numerical work made with the commercial CFD code Fluent 5 by Fluent Inc. The
main investigation constitutes a 2D NACA 0015 hydrofoil grid. The grid is designed to resemble a physical
setup found at Saint Anthony Falls Laboratory (SAFL) in Minneapolis, MN, USA. The study is done for
cavitation numbers ranging from inception to supercavitating at two di®erent angles of attack. All numerical
results are compared to corresponding experimental results from the SAFL tunnel in a quantitative manner.
The general characteristics of the cavitating °ow was very well predicted. Especially, the cavity length is
calculated with high accuracy. Lift variations as a function of cavitation number are also reasonably well
predicted. The current model, however, seems to have problems with the dynamics of the system.
The next section presents a 3D calculation on a NACA 662 ¡ 415 elliptical planform hydrofoil. This was
done primarily to investigate the 3D ability of the solver. The results are validated with experimental data.
Special focus is given to tip vortex strength and lift variation as a function of cavitation number. Both are
well predicted.
1 Introduction
Cavitating °ows occur in nearly all hydraulic machinery. Performance of di®erent applications such as sub-
marine propulsion and hydropower turbines are a®ected by cavitation. Cavitation from submarine propellers
generate unwanted noise, while hydro turbine cavitation causes enormous yearly maintenance costs for the
hydropower industry.
Numerical modeling of cavitation has, until recently, only been possible using cutting edge in-house CFD
codes. Special challenges occur since cavitating °ows are highly dynamic in nature. Also, such °ows are
characterized by large gradients in the density ¯eld, which is known to cause numerical instabilities.
With the release of the CFD solver Fluent 5, a cavitation model is available with a general-purpose
commercial software package. Fluent 5 is a ¯nite volume based solver that fully supports unstructured
multiblock meshes. The cavitation model shipped with Fluent 5 is essentially based on the paper by Kubota
et al. (1992). This paper is meant as a reference for validation of the cavitation model in Fluent 5. The
software will, in later studies, be used to enhance the understanding of the cavitation phenomenon.
2 The Fluent 5 Cavitation model
The °ow solution procedure in Fluent 5 is the SIMPLE routine presented by Patankar & Spalding (1972).
This solution method is designed for incompressible °ows, thus being implicit. The full Navier Stokes
equations are solved. The cavitation model itself is highly physical utilizing the Rayleigh{Plesset equation
to calculate bubble growth and collapse, while a volume of °uid model (VOF) is implemented to track the
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Figure 1: Figure a) shows a grid closeup surrounding the 2D hydrofoil. The grid is a C-type grid. Figure
b) shows an outline of the computational domain with boundary condition type showing. The ¯gures show
the foil at 8 degrees angle of attack.
resulting void fraction ¯eld. The VOF model is based on equation 1, and will when solved along with the
°ow equations, give the void fraction at any solution point in the computational domain.
@®
@t
+
@(®u)
@x
+
@(®v)
@y
=
D®
Dt
=
1
½g
µ
_mlg ¡ d½dt
¶
(1)
Here ® is the void fraction and _mlg is the mass transfer rate from liquid to gas per unit volume. The terms
on the right hand side of this equation describes the phase change in the system. To be able to solve this,
the mass transfer rate has to be calculated, which is done with a simpli¯ed Rayleigh{Plesset equation given
as equation 2. This expression can easily be derived by neglecting the higher order terms of the original
Rayleigh{Plesset equation.
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The cavitation model implemented in the version of Fluent that was used in this study (version 5.1.18)
does not explicitly calculate bubble collapse. The solution will, however, still yield information of cavity
boundaries.1
The cavitation model su®ers from several simpli¯cations, where the most critical is probably that both
phases has to be treated as incompressible. Similar calculations by Song et al. (1997) indicates that the
compressibility of the vapor phase is important.
3 Numerical Implementation
3.1 Geometry and Grid
The 2D geometry was made to resemble the test section of the high speed water tunnel at the Saint Anthony
Falls laboratory in Minneapolis, MN (SAFL). The chord length of the foil is 81mm and the domain stretches
2.5 chord lengths upstream and 6 chord lengths downstream measured from the trailing edge. Simulations
for 8 and 6 degrees angle of attack are presented. In the direction from the upper and lower foil surface, the
computational domain stretches one chord length in both directions. The lengths are chosen from the test
section in the water tunnel and the purpose of the calculations is to reproduce experiments. Test calculations
show that the blockage e®ect is negligible for the SAFL tunnel set-up.
Figure 1(a) shows a closeup of the 2D grid at 8 degrees angle of attack. The grid is a C-grid type with a
total of about 29000 cells. The smallest cell size in the direction from the wall is 0.01mm, which corresponds
to approximately 1=100 ¢ Re¡1=2. This results in the ¯rst grid point being at y+ < 3 on both surfaces.
In the 3D case, the main challenge was to generate a proper grid. The calculations were set up to resemble
experiments taken from a paper by Arndt & Keller (1992). The foil is an elliptical planform NACA 662¡415
that is mounted in a water tunnel. In the spanwise direction, the foil stretches about halfway through the
test section. A detailed description of the shape of the hydrofoil can be found in Arndt & Keller (1992).
1The latest version of Fluent ships with a more sophisticated cavitation model that explicitly calculates bubble collapse
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Figure 2: Figure a) shows the surface grid at the foil. The grid is denser at the tip of the foil to resolve the
forming tip vortex. Figure b) shows an outline of the computational domain.
The geometric singularity at the termination point of the ellipse main axis was avoided by making the ¯nal
airfoil shape to be drawn approximately 0:1mm in chord length. Implicitly the location will be very close
to an analytical geometric singularity. To properly resolve the vortex that is forming at the tip of the foil,
a grid of at least 15 grid points across the vortex core is needed, see Dacles-Mariani et al. (1995). The
problem is that the path of the vortex core is not known exactly prior to the calculations. In this study an
iterative approach was used to accurately place the ¯ner grid in the vortex core. First a crude calculation
was performed, to locate the general shape of the vortex. Then, by investigating the solution, the grid was
re¯ned in the center of the vortex. This was done a total of three times, each iteration re¯ning the grid in the
vortex region. Furthermore, test calculations showed that the grid-cell layer closest to the foil surface has to
be small to accurately calculate lift data. This means that the viscous boundary layer has to be resolved at
the complete foil surface. The grid type was structured, where the total computational domain were split
in 16 di®erent gridding blocks. The total grid size was in excess of half a million cells. A picture of the foil
surface grid and the computational domain is shown in Figure 2(a) and Figure 2(b).
3.2 Boundary Conditions
Figure 1(b) shows the total 2D computational domain with lengths and boundary conditions showing. The
inlet boundary condition is speci¯ed velocity, using a constant velocity pro¯le. Upper and lower boundaries
are slip walls, i.e a symmetry condition. The outlet used is a constant pressure boundary condition. The
foil itself is no-slip wall. The inlet is set to 10m/s which corresponds to a Reynolds number equal to 1:2 ¢ 106
based on chord length. This is in the same range as the experimental data. The same boundary conditions
are used for the 3D case. The computational domain stretches 2 chord lengths upstream and 6 chord lengths
downstream.
3.3 Numerical method
The solving strategy used is the unsteady SIMPLE algorithm, Patankar & Spalding (1972). The convective
°ow terms are discretisized using second order upwind schemes. This is also used for the Volume of Fluid
equation and the Rayleigh{Plesset equation. The pressure is discretisized using a second order central
scheme. The implicit time formulation used is also of second order accuracy. Internally, all numbers are
stored and calculated with double precision. The time step used was 0.0001s. This gives 20-30 time steps per
cycle as calculated using a Strouhal number of 0.2, using the maximum foil thickness as a reference length.
This time step is equivalent to a sampling frequency of 10kHz. The cavitation model itself was con¯gured
with a nuclei density of 200000 ¢ 1=m3. This number is 20 times higher than the value suggested by Kubota
et al. (1992). However, the nuclei density was measured in the SAFL test tunnel to be within the chosen
range. It is believed that increasing the nuclei density in the numerical model will increase the dynamics of
the system, thus adding instability, however this was not a problem in this study. The water vapor pressure,
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Figure 3: Figure a) shows a constant pressure contour plot for ¾=2® = 5 at 8 degrees AoA. Figure b) shows
the corresponding velocity vector plot. Both plots are instantaneous and at the same time.
pv, was set to 2400Pa. The cavitation number was adjusted by changing the reference pressure, Pref , in the
solver. The same e®ect can also be achieved by having a constant reference pressure and adjusting the vapor
pressure. The solver parameters used are the same for both the 2D and the 3D calculations.
3.4 Turbulence modeling
A main part of this study was to validate the codes ability to capture the dynamic behavior of cavitating
°ows. In this study experience has shown that the normal Reynolds-averaged Navier{Stokes (RANS) based
turbulence models are not suited for dynamic calculations. The time-averaging involved will smooth out time
dependant turbulent phenomena. Test calculations showed this clearly were the solution simply converged
to a steady state. In the 3D case, a RANS model dramatically increased the di®usion of the vortex core,
thus the minimum pressure inside the vortex is not correctly predicted. The current version of Fluent 5 can
not combine the Large Eddy Scale turbulence model (LES) with the cavitation model. Therefore, a plain
Navier{Stokes solver was used with no turbulence modeling at all. It is expected that dynamic features like
lift oscillations will tend to have higher amplitudes than measured values when using a plain Navier-Stokes
solver. This can be explained by the lack of turbulent energy dissipation modeling.
4 Results
4.1 2D NACA 0015 Hydrofoil
An important parameter in cavitating °ows is the cavity length. Experimentally, this is determined by
analysis of high speed movies. The cavity length will generally vary a lot during a cycle, thus an average
value is plotted. The same technique is used in the numerical approach, where a combination of velocity
vector plots, and contours of constant vapor fraction plots are analyzed. An example of an instantaneous
contour plot and velocity vector plot at the same instant in time is shown in ¯gure 3. Here we can see that the
cavity length is not easily identi¯ed from the contour plot alone, while the velocity vector plot clearly shows
the reentrant jet and the closure of the attached cavity. Note that these pictures are instantaneous. Very
strong vortex structures downstream of the cavity gives very low pressure regions that e®ectively transports
the bubbles that are shed from the foil. The cavity length for a °at plate at an angle of attack, ®, was
shown to scale with the composite parameter, ¾=2® by Acosta (1955). Arndt (1981) suggested the use of
this parameter for thin hydrofoils. The cavity length, l, is normalized with respect to chord length, c, and
plotted versus the parameter ¾=2®. In Figure 4, the numerical results are plotted with the corresponding
experimental results. As we can see, the code can predict the cavity length with high accuracy. Although
the current Fluent code does not have a physical correct model for calculating bubble collapse, the accurate
prediction of the cavity length can still be explained. The reentrant jet will transport liquid phase into the
cavitating regime at the end of the cavity. Visually, this will result in a closure of the cavity in a phase
contour plot. It is also worth mentioning that the cavity length alone does not describe the °ow. This can
be seen clearly from the contour of constant void fraction plots shown in Figure 5. Both pictures are from
¾=2® = 7 but di®erent angles of attack. The cavity length is the same, but the °ow is very di®erent. At
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Figure 4: Cavity length plotted as a function of ¾=2®. The length is normalized with respect to chord
length. The 3D and 2D data is collapsed by scaling the angle of attack with the aspect ratio, A, such that
®2D = ®3D ¢A=(A + 2). The anomaly found for 2 degrees AoA in the experimental 3D case is explained by
the presence of bubble cavitation instead of sheet cavitation
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Figure 5: Figure a) shows a contour plot of constant water vapor for 6 degrees AoA and Figure b) shows
a corresponding plot for 8 degrees AoA. Both plots are typical instantaneous snapshots of the °ow. In both
cases ¾=2® = 7.
8 degrees angle of attack, the °ow is much more violent with large structures shedding of the suction side
while the 6 degrees case is practically stable.
Kjeldsen et al. (2000) shows that the °ow over this hydrofoil passes through several cavitation regimes
ranging from inception to supercavitating. The same sequence of cavitation regimes are found in the nu-
merical model as reported from the experiments. It must be emphasized that the di®erence between patch
and bubble cavitation as reported by Fluent, is determined based on whether the patch sheds itself (bubble
cavitation) or is sustained for a certain period of time. The determination of the cavitation regimes was
done by visual inspection of contour plots of the numerical solution.
In engineering applications, prediction of lift breakdown is important. This was also calculated and
compared to experimental results. The lift is oscillating with di®erent amplitudes at di®erent cavitation
numbers. The lift °uctuates with largest amplitudes when the cavity length is about 0.75 chord lengths,
corresponding to ¾=2® of about 4. Experimental results are not available for 8 or 6 degrees angle of attack,
and the lift does not seem to scale with the parameter ¾=2®. The general shape of the lift breakdown curve
can still be compared. The results are plotted in Figure 6(a). The cavitation model does not seem to capture
the distinct breakdown that is measured. It is believed that this is caused by the lack of compressibility in
the vapor phase, i.e. the °ow that is closest to the suction side in the foil.
The last parameter that is presented in this study is shedding frequency measured from lift °uctuations.
Experimentally, several trends have been found for this phenomenon. The shedding frequencies has been
calculated with the use of FFT's of the lift data. Experimentally, the shedding frequencies has been estab-
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Figure 6: Figure a) shows normalized lift as a function of ¾=2®. Figure b) shows Strouhal number as a
function of ¾=2®.
lished by counting frames in high speed movies or by spectral analysis of lift/pressure dynamics, Kjeldsen
et al. (2000). The compared results are plotted in Figure 6(b). The computed results are not very accurate
as they do not show any signs of trends, which are clearly present in the experimental data.
4.2 3D NACA 662 ¡ 415 Hydrofoil
The 3D case is much more complicated. Also, not very much validation data is available. A study by Arndt &
Keller (1992) measured lift distributions as a function of cavitation number and other °ow characteristics like
tip vortex strength. This data were used for comparison. The experiments were performed at St. Anthony
Falls laboratory, University of Minnesota and Versuchsanstalt fur Wasserbau (VW), Technical University of
Munich.
It was clear that to properly calculate cavitation in this 3D con¯guration, it was absolutely imperative to
get a correct vortex strength. The pressure inside the tip vortex is the lowest in the computational domain
if the vortex strength is correct, thus this is the ¯rst location that cavitation will occur. Figure 7(a) shows
the calculated vortex strength compared with experimental. The shape of the vortex is very well captured
with the CFD code. The extension of the vortex core are the same in both calculations and those measured.
The outer regions of the vortex are also captured well, and note that the vortex originating from shedding
o® the suction side is also represented. It should at this point be mentioned that the results from Fluent are
taken at one discrete time-step, while the measurements are based on time averaging. The "ripple" in the
z-velocity distribution wasn't found until after the re¯nement on the foil surface grid was made to properly
resolve the boundary layer. Figure 8 shows a constant pressure contour plot with the suction side of the
foil visible. The tip vortex path is visualized as a low pressure region stretching from the tip of the foil and
downstream. Although, not quanti¯ed, it was noticed that the vortex core precesses slightly around its mean
centerline. This behavior is also observed and described in experimental papers, Fruman et al. (1994)
The appearance of developed cavitation on the bulk part of the foil will decrease the lift dramatically.
When lift, and hence blade loading, vanish, the source for tip vortex cavitation will diminish. A good
agreement between the numerical works and the experiments can be seen, Figure 7(b). A remark to be
given is that cavitation also produces unsteadiness in lift in this case. These dynamics has been proven to
be a major issue, and has been demonstrated by e.g. Kjeldsen et al. (2000) experimentally on the same 2D
NACA0015 hydrofoil used for the 2D calculations in this paper. The lift measurements from VW are time
averaged, the numerical works are averaging lift when supposedly steady oscillatory conditions are monitored.
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Figure 7: Figure a) shows tip vortex strength one chord length downstream of trailing edge. The vertical
velocity, v, is normalized with respect to lift coe±cient, CL, and free stream velocity, U0. The z-direction
is normalized with respect to the total height of the hydrofoil. Figure b) shows a contour plot of constant
pressure, visualizing the shape of the vortex stretching from the hydrofoil tip. The °ow is from right to left.
Figure 8: Contour plot of constant pressure visualizing the shape of the vortex stretching downstream from
the hydrofoil tip. The °ow is from right to left. The low pressure regions close to the trailing edge is caused
by shedding from the suction side of the foil.
The averaging was however only made over a few cycles due to time limitations in actual computing time.
5 Conclusions
In general, the results are very promising. Several aspects of cavitation can be accurately captured with
the current cavitation model. Visually, the °ow is very well predicted. Especially, the cavity length can
be calculated with a high degree of accuracy. This is an important feature in engineering aspects, since
cavity collapse close to surfaces will cause damage. Also, with this code, it is easy to quantitatively adjust
the overall cavitation number in the computational domain accurately. This is demonstrated by the good
agreement between cavitation regimes and cavity length from experimental data and the numerical data
respectively. Both in the 3D and the 2D cases, the di®erent cavitation regimes were found to match the
reported experimental data.
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The dynamics of the system is still not very accurately calculated. The model su®ers from several
assumptions which most likely cause this. The numerically calculated Strouhal numbers does not show any
distinct trends, while this is clearly present in the experimental data. On the other hand, all calculated
frequencies are in the same order of magnitude as the experimental data. System dynamics were only
investigated for the 2D calculations.
Lift characteristics is fairly well calculated and the 3D case is actually better than the corresponding
2D case. The distinct breakdown in lift when the cavitation number reaches a certain point is observed in
the 3D case while the 2D simulations does not show this feature. Instead, the lift seems to drop in a more
gradual manner. The calculations are still within reasonable accuracy.
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